In this study, Al doped ZnO(Al:ZnO) nanorods were synthesized on the conductive ITO glass substrate using hydrothermal method, and its piezoresistive properties were measured. Electrical impedance of the Al:ZnO nanorods have decreased compared to the undoped nanorods. However, the shape of the nanorod became more slender and inclined to the substrate if more than 1% aluminum ion was mixed to the reactive solution. Piezoresistive change ratio of the Al:ZnO nanorods was almost the same with undoped sample, which agrees with the results of Ga doped ZnO nanorods in our previous study.
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. In t r o du ct i o n
Zinc oxide (ZnO) is one of the most attractive wide band-gap semiconductors, promising for optical and electronic application. Nanoscale one-dimensional (1D) semiconductor materials have attracted much interest because of their potential to serve as building blocks for nanoelectronic devices. One-dimensional ZnO nanostructures such as ZnO nanorods are not only suitable for optoelectronic device such as ultraviolet (UV) lasers (1) or photodetectors, but also for direct-current nano generators, (2) highly sensitive gas sensors (3) and so on.
Various processes to prepare ZnO nanorods have been reported. One of them, hydrothermal approaches are simple, economic, low-temperature process, and suitable for large-scale production. The formation of ZnO crystallites from solutions of Zn(OH) 4 2ions was reported by Uekawa et al. (4) The preparation of highly oriented ZnO microrods and microtubes via simple low-temperature hydrothermal method was reported by Vayssieres et al. (5) In addition to many reports of ZnO nanorod synthesis in aqueous solution, we have reported synthesis of well-ordered gallium doped ZnO nanorods by hydrothermal method, and its piezoresistive properties. (6) By in-situ doping of Ga in the hydrothermal deposition, electrical resistivity of the ZnO nanorods were lowered. But the piezoresitive change ratio of the Ga doped nanorods were almost the same with the undoped ZnO nanorods.
In this study, we investigated the effect of Al doping on the crystal shape, and the piezoresistive properties compared to Ga doped nanorods.
. Ex p e ri m ent a l . 1 P r ep a r at i o n o f ZnO n an o ro d s
ZnO nanorods were prepared as follows. As a seed layer, 1wt.% Al 2 O 3 doped ZnO thin film with the thickness of 10nm was sputtered on the ITO glass substrate at the room temperature by RF magnetron sputtering, prior to the hydrothermal process. For the hydrothermal deposition, 50ml of an aqueous solution of zinc nitrate hexahydrate(Zn(NO 3 ) 2 ・ 6H 2 O, 0.1M) was prepared. 50ml of an aqueous solution of sodium hydroxide (NaOH, 1.5M) was also prepared. Solutions were mixed in a three neck round bottom flask. Then the substrate was suspended in the solution, and the solution was heated at 90℃ for 3h. To obtain the Al doped sample, measured amount of aluminum nitrate (Al(NO 3 ) 3 ) were added to the solution before heating. Nominal 0%-3% mol ratio Al doped sample were synthesized. After the deposition, substrates were rinsed with deionized water, cleaned in the ultrasonic cleaner, and dried. Fig.1 shows the schematic diagram of the piezoresistance measurement system. Electrical properties of ZnO nanorods were investigated by pressing the cylindrical probe electrode with a diameter of 2.2 mm directly on the ZnO nanorods. A gold wire was adhered to the ITO substrate using a silver paste. Then, the substrate was placed on the electric balance, to measure the contact stress of the probe electrode. And finally the cylindrical electrode was attached to motorized linear stage, and was gradually pressed against the ZnO nanorods.
. E l e ct ri c al C h a r a ct e ri z at i o n
We first measured the electrical impedance of the Al doped/undoped nanorods by using frequency response analyzer(FRA5097, NF Corporation). At the measurement, contact pressure of the probe electrode was kept constant at 22gf/mm 2 .
For the measurement of piezoresistive effect, The diameters of the nanorods became more irregular, and grown more inclined to the substrate if more than 1% Al ion was mixed in to the solution. In our previous study, we used gallium salt as a dopant. But such change of the nanorods shape didn't occur even if we mix the same molar ratio of Ga salt into the solution.
To inv estigate the electrical properties of the Al:ZnO nanorods, we first measured the electrical impedance of the nanorods by using frequency response analyzer. Cole-Cole plot obtained from Al:ZnO nanorods is shown on Fig.3 . The large semi-circles represent the impedance of the ZnO nanorods. The small semi-circles existing around the vertical axis are presumed to be the impedance of the other component, such as wiring or the thin films. The impedance of Al doped nanorod bec ame smaller, as more Al ions were mixed into the solution. From these results, we can guess the number of the carrier in the nanorod is proportional to the amount of the dopant we mixed in the solution.
Finally, we have measured the piezoresistive properties of Al:ZnO nanorods. The difference of the shape could affect the piezoresistive measurement, therefore we only used 1% Al doped sample for the comparison of electrical property. Fig.4 shows the resistance of 1% Al doped sample versus the contact pressure of the probe electrode. Resistance of the nanorod monotonically decreases as the contact pressure increases. After the measurement, we have observed the surface of the nanorods by SEM again, to prove that the nanorods are not broken by the contact of the electrode.
The measured data consist of two parts, the linear part, that is where the contact stress is bigger than 15 gf/mm 2 , and the non-linear part, which occurs when the contact stress was smaller than 15 gf/mm 2 . In the linear part, reproducibility of the measurement was observed, as the contact pressure was increased and decreased. On the other hand, reproducibility was not observed in the non-liner part. Therefore, it was considered that the contact pressure of the electrode in non-linear part is not enough for an accurate measurement. So, we have considered that the measurement with the contact pressure of more than 15gf/mm 2 was done properly, that we abstracted the data of this part. Then, we fitted the data using linear least square fittings, and calculated the piezoresistive change (R A -R B )/R A which occurs when the contact pressure changes from point A(15.8gf/mm 2 ) to point B(52.6gf/mm 2 ) where R X refers to the resistance at the given point. 1% Al doped sample has shown about 28% change of its resistance, which agrees with the result of undoped/Ga doped samples in our previous study. Therefore, it was concluded that the piezoresistive change was almost the same for both doped and undoped samples.
A possible reason for the change of the shape, is the aluminate ion (Al(OH) 4 ) 2-) in the solution. In the reaction solution, molar ratio of sodium hydroxide is 15 times more than the nitrates. Therefore, most of the Zn ions in the solution become tetrahydroxozincate ion, which is necessary for the growth of ZnO in the solution. Na + ion in the solution also plays an important roll for the growth of the ZnO nanorod. It allows more axial growth of ZnO than the radial growth, therefore rod-shaped ZnO can grow in the solution. There are some other substances, such as amins, or di-block co-polymers (7, 8) , which inhibits the radial growth of ZnO in the solution. So aluminate ions might have the simular effect in the solution.
The other possible reason is the atomic radius of the ions. From the result of the impedance measurement, it is likely that Al ions have been incorporated into the nanorods. Atomic radius of Ga ion is 130pm, which is close to the radius of Zn ion 135pm. Therefore Ga ion could rather easily replaced into the site of Zinc in the crystal. On the other hand, Al ion has the atomic radius of 125pm, which is even smaller than the radius of Ga ion. Therefore relatively bigger deformation of crystal structure occurs if its doping mode is either substitutional or interstitial, which could result in the nanorods with different crystal shapes.
. C o n cl u s i on
In summary, we have fabricated Al doped ZnO nanorods on the ITO glass substrate, and conducted a preliminary experiment to measure piezoresistive properties of the nanorods. Both undoped and 1% Al doped nanorods grown via aqueous route have diameters up to 100nm and the length of about 1μ m when grown from the substrate. If more than 1% Al ion were mixed into the reactive solution, the nanorods became more slender and inclined to the substrate. Electrical impedances of the na norods were measured by using frequency response analyzer. Lower electrical impedance was achieved if we mix more Al salt into the reactive solution. Piezoresistance of the nanorods was measured by pressing the probe electrode directly on the nanorod. 1% Al doped sample demonstrated about 28% of piezoresistive change while being exposed to the given stress charge. This result agrees with piezoresistive properties of Ga doped ZnO nanorods, which we have done in the prev ious study.
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